We welded commercially pure titanium sheet to aluminum alloy A5052 sheet using a method of resistance spot welding with a cover plate, and investigated the mechanical properties and interfacial microstructure of the joint. The interfacial microstructure was observed using transmission electron microscopy. An approximately 160 nm thick layer of Al solid solution supersaturated with Ti was observed at the welding interface, in which contain the precipitates TiAl 3 . Mechanical property analysis suggests that the reaction layer has no effect on the tensile shear load of the joint.
Introduction
Titanium and its alloys are one of the most attractive engineering metals in industrial applications, because they exhibit superior properties such as high specific strength, high fatigue life, toughness, excellent resistance to corrosion and low density.
However, the applications of titanium and its alloys are restricted by their high material cost. On the other hand, sound joints between dissimilar materials enable multi material design methodologies and low cost fabrication process to be employed. Therefore, the joining between titanium (its alloys) and other materials such as aluminum alloy is indispensable to effectively utilize titanium and its alloys with low fabrication cost and to extend their application.
However, the joining between titanium and aluminum alloy accompanies some difficulties, because of the large difference in physical and thermal properties between the two kinds of materials, and the formation of brittle reaction products at the welding interface. In order to avoid the reaction between titanium and aluminum alloy at the welding interface, most of the previous studies have focused on solid-state bonding, such as, friction welding 1) , vacuum roll bonding 2) and diffusion welding 3) . On the other hand, resistance spot welding (RSW) is a widely used and important welding process for thin sheet products; nevertheless, only a few of studies have been reported on the RSW between titanium and aluminum alloy to date. In the previous study 4, 5) , we have welded steel to aluminum alloy sheets and obtained stronger joints under the welding condition of low welding current using the technique of RSW with cover plate. It is well known that there are also problems in the process of RSW between steel and aluminum alloy, which caused from the large difference in physical and thermal properties between the base materials and the brittle reaction products formation at the welding interface.
The same problems occur in the process of the RSW of Ti/Al. In the present study, therefore, we also welded titanium to aluminum alloy using this method, investigated the interfacial microstructure and strength of joints, and analyzed the effect of reaction layer on the mechanical properties of joints.
RSW with cover plate
As well known, RSW is a joining process based on the heat source obtained from Joule's effect of the resistance and electric current flow through the sheets which are held together by the electrode force. In this process, the coalescence occurs at the spot area in the faying surfaces. Therefore, in the process of RSW between titanium and aluminum alloy, enormously high electric current is required because of low heat generation and high heat conduction of aluminum alloy. However, enormously high welding current would reduce electrode tip life and require installing larger capacity RSW machine. In order to enable the RSW between titanium and aluminum alloy under relatively low welding current condition, we proposed a technique of RSW with cover plate. Figure 1 shows the schematic diagram of this welding process, in which a cover plate was placed on the aluminum alloy sheet. Here, it was required that the cover plate is a metal sheet with relatively lower electrical conductivity than aluminum alloy, so the higher heat generated in the cover plate as to be conducted from the cover plate to aluminum alloy sheet.
Taking low cost and availability into account, we chose cold-rolled steel sheet SPCC as the cover plate. In the present study, the similar material joints of aluminum alloy sheets were also prepared to compare the strength with the dissimilar material joints between titanium and aluminum alloy.
In such a case, the aluminum alloy sheets were placed between two cover plates.
Experimental procedure
In this study, 1.0 mm thick commercially pure titanium (Ti)
sheet and aluminum alloy A5052 (A5052) sheet were used as the base materials. Their chemical compositions are listed in Table 1 .
Spot welding was carried out by an AC spot welding machine. In order to examine the mechanical properties of the joints, the tensile shear test was performed under a cross-head velocity of 1.7×10 -5 ms -1 at room temperature. The weld diameter was measured from the fractured surface after the tensile shear testing. Figure 3 shows the optical micrograph of the cross-section of the joint, which was welded under the condition of welding current of 8 kA. In the picture, a drum-shaped nugget was observed in the A5052, the thickness of which was thinner than the original thickness at the center. In contrast, no fusion zone was observed in the Ti adjacent to the welding interface of Ti/A5052. Similar morphology was also observed in the other joints welded under different welding conditions.
Experimental results and discussions

Interfacial microstructure
In addition, some blowholes were observed at the center of the nugget as shown in Fig.3 . In recent literature 6) , Gean A. et al.
claimed that excessive porosity ( up to 40% of the nugget diameter) do not affect the static performance of the welds in shear when maintaining a constant 6.3 mm weld diameter, who investigated the effect of discontinuities in welds on the static and fatigue properties of resistance spot welded aluminum alloy joint.
In this study, therefore, the blowholes formed in the nugget would not affect the tensile shear load of the joint according to their results. Figure 4a shows a scanning transmission electron microscope Table   3 summarizes the concentration of elements Ti, Al and Mg in the typical points A-G shown in Fig.4a . It is visible that the layer U was the base metal Ti, the layer Y to W was the base metal A5052 according to the results of EDX analysis as given in Fig.4b and Table 3 . Table 3 Results of EDX analysis at the points shown in Fig.4a (at. %)
As shown in Fig.4a , a layer (Layer V) of approximately 160 nm in thickness between the base metal Ti (Layer U) and the A5052 (Layer W) was observed. The EDX analysis showed that it was a diffusion reaction layer. However, element Ti content was more than the solubility of element Ti within Al 7) . The formation of this supersaturated solid solution is considered to be due to rapid cooling rate during RSW. Moreover, it should be noted that there was a region (marked by a black arrow in Fig.4b .
They also observed that the precipitates TiAl 3 (D0 22 type) within the ultra fine-crystal zone having Al solid solution (FCC crystal) supersaturated with Ti.
In addition, an Mg-rich layer (Layer X), in which element Mg content exceed the solubility limit of element Mg within Al (1.9
at.%, 100°C) 7) , was also observed in the A5052 near the welding interface. Although the origin of the formation of the layer remains unclear, rapid cooling rate during RSW is a possible reason for the production of the Mg-rich layer.
Ozaki H. et al. have welded commercially pure titanium sheet to aluminum alloy A5052 sheet using a laser roll welding, during which the interfacial reaction also took place between molten aluminum and solid titanium 8) . They observed 1-10 μm thick reaction layer at the welding interface. Compared with their results, the reaction layer (Layer V), which formed in the welding interface of the resistance spot welded joint obtained in this study, was thinner. This is considered to be responsible for relatively short RSW time, which exerts influence on the reaction layer thickness 9)
. In this section, we investigated the relationships between these welding parameters and the nugget diameter, the tensile shear load of joints welded by the RSW with cover plate. Figure 6 shows the effects of welding current on the tensile shear load and nugget diameter of the joints welded under the welding conditions of set 1. As shown, the nugget diameter and tensile shear load of joints increased with the increasing of the welding current, although rise in the tensile shear load of the joints was slight at the welding current above of 10 kA. Moreover, the fracture type of the joints varied depending on the welding current. The fracture type of joints was shear fracture at the welding current of 6 kA, and above the welding current of 6 kA it became to plug fracture. In RSW, heat input increases with the increasing of welding current, result in the increasing of nugget diameter. As shown in Fig.6 , the tensile shear load of joints increased with the increasing of the welding current. It is attributed to increasing of the nugget diameter, which is a major influence factor on joint strength in both cases of shear fracture and plug fracture 10) . However, with the increasing of welding current, the joint thickness decreases as shown in Fig.3 , which is another essential influence factor on plug fracture strength 11) .
Mechanical property of the joint
Thus, at the welding current above 10 kA, the increasing of tensile shear load of the joint was slight. . In comparison with their results, the joints obtained in this study revealed higher tensile shear load and larger nugget as shown in Fig.6 and 7. According to American National Standard 12) , the nugget diameter >4t 1/2 (t represents the thickness of specimen) is required for resistance spot welded joint; from this viewpoint, the nugget diameter of joints welded by the RSW with cover plate was also large enough. This is attributed to the effect of the cover plate on the formation of nugget. That is, large heat generated in the cover plate due to its low electrical conductivity, transferred to the welded region in the aluminum alloy, enhanced heat of welded region, and resulted in the formation of larger nugget. In this study, the optimized welding condition is the condition of 1.0 kN electrode force and 10 kA welding current, since the joint with the maximum tensile shear load was obtained under this welding condition.
Influence of interfacial reaction layer on the tensile shear load of the joint
Generally, nugget diameter and interfacial reaction layer have influences on the strength of resistance spot welded dissimilar material joints. In this section, we discussed the effect of the interfacial reaction layer on the tensile shear load of the Ti/A5052 The fracture observation after the tensile testing of the joints also revealed that the fracture occurred in the base metal A5052. Therefore, the results described above suggest that the tensile shear strength of the Ti/A5052 joint was not affected by the reaction layer formed the welding interface.
Conclusions
In this study, we welded commercially pure titanium sheet to aluminum alloy A5052 sheet using resistance spot welding with a cover plate. The joint performance was evaluated by the interfacial microstructure and mechanical properties of the joint.
Main results obtained from this study are as follows:
1. It is feasible to weld titanium to aluminum alloy sheet via a RSW method using a cover plate. Larger nugget and high tensile shear strength were obtained under relatively low welding current condition.
2. The layer of Al solid solution supersatulated with Ti was observed at the welding interface of the Ti/A5052 joint, which contain the precipitates TiAl 3 .
3. The reaction layer has no effect on the tensile shear strength of the Ti/A5052 joint welded by RSW with cover plate.
